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(57) ABSTRACT 

This disclosure describes systems and methods for delivering 
one or more loW ?oW recruitment maneuvers to a patient 

While on a ventilator. Embodiments described herein provide 
methods for delivering loW ?oW recruitment maneuvers 
Wherein either or both of the inspiratory and expiratory 
phases of the recruitment maneuver are maintained by the 
ventilator at a 10W ?oW. Embodiments described herein pro 
vide for single-breath recruitment maneuvers and multi 
breath recruitment maneuvers at loW ?oW. Embodiments 
described herein provide for graphical display of a pressure 
volume loop (PV loop) for both single-breath and multi 
breath recruitment maneuvers. Embodiments described 
herein also disclose an automated ventilator functionality 
Whereby recruitment maneuvers settings and/ or post-recruit 
ment maneuver settings for resuming prescribed ventilation 
may be set via a graphical user interface. Other embodiments 
described herein enable a clinician to con?gure the ventilator 
to synchronize the end the recruitment maneuver With 
patient-triggered inspiration for post-recruitment maneuver 
ventilation. 
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METHOD AND SYSTEM FOR GENERATING 
A PRESSURE VOLUME LOOP OF A LOW 
FLOW RECRUITMENT MANEUVER 

RELATED APPLICATIONS 

[0001] This application claims priority to US. Provisional 
Patent Application Ser. No. 61/230,430, entitled “METHOD 
AND SYSTEM FOR GENERATING A PRESSURE VOL 
UME LOOP OF A LOW FLOW RECRUITMENT MANEU 
VER,” ?led on Jul. 31, 2009, the entire disclosure of Which is 
hereby incorporated herein by reference. 

INTRODUCTION 

[0002] A ventilator is a device that mechanically helps 
patients breathe by replacing some or all of the muscular 
effort required to in?ate and de?ate the lungs. Ventilatory 
assistance is indicated for certain diseases affecting the mus 
culature required for breathing, such as muscular dystrophies, 
polio, amyotrophic lateral sclerosis (ALS), and Guillain 
Barre syndrome. Mechanical ventilation may also be required 
during the sedation associated With surgery and as the result 
of various injuries, such as high spinal cord injuries and head 
traumas. 

[0003] Ventilators may provide assistance according to a 
variety of methods based on the needs of the patient. These 
methods include volume-cycled and pressure-cycled meth 
ods. Speci?cally, volume-cycled methods may include 
among others, Pressure-Regulated Volume Control (PRVC), 
Volume Ventilation (VV), and Volume Controlled Continu 
ous Mandatory Ventilation (V C-CMV) techniques. Pressure 
cycled methods may involve, among others, Assist Control 
(AC), Synchronized Intermittent Mandatory Ventilation 
(SIMV), Controlled Mechanical Ventilation (CMV), Pres 
sure Support Ventilation (PSV), Continuous Positive AirWay 
Pressure (CPAP), or Positive End Expiratory Pressure 
(PEEP) techniques. 
[0004] In addition to providing breathing assistance to a 
patient, a ventilator may also be con?gured to expand non 
functioning regions of a patient’s lung(s). Speci?cally, the 
ventilator may expand collapsed alveoli so that the functional 
surface area of the patient’s lung(s) is thereby increased. The 
process by Which the ventilator “recruits” collapsed alveoli is 
called a “recruitment maneuver.” 
[0005] Currently, the optimal method of delivery is debat 
able and, as recruitment maneuvers are only occasionally 
delivered during ventilation, the complex settings for deliv 
ering recruitment maneuvers are manually con?gured on 
ventilators by clinicians. 

Method and System for Generating a Pressure 
Volume Loop of a LoW FloW Recruitment Maneuver 

[0006] This disclosure describes systems and methods for 
delivering one or more loW ?oW recruitment maneuvers to a 

patient While on a ventilator. In general, the purpose of a 
recruitment maneuver is to expand collapsed alveoli in order 
to increase the functional surface area of a patient’s lungs. The 
present disclosure may be applicable for adult, pediatric, and 
neonatal ventilatory techniques, as required by the diverse 
care plans of various patients. 
[0007] Ventilators may be con?gured to deliver recruitment 
maneuvers by a variety of methods. For example, there may 
be four general types of recruitment maneuvers that may be 
advantageous for reclaiming collapsed alveoli. A “normal 
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?oW” single-breath recruitment maneuver may be described 
as a single-breath recruitment maneuver delivered at conven 

tional ?oWs (e.g., 30-100 liters per minute, 1pm) and may be 
indicated When recruitment is desired but a lung compliance 
assessment based on a loW ?oW pressure-volume curve is not 
desired. A “loW ?oW” single-breath recruitment maneuver 
may be described as a single breath recruitment maneuver 
that is delivered at loW ?oW (e.g., less than 10 1pm) and may 
be indicated When both recruitment and a compliance assess 
ment are desired. A “normal ?oW” multi-breath recruitment 
maneuver may be described as a recruitment maneuver deliv 

ered over multiple breaths at conventional ?oWs and may be 
indicated When recruitment, but not a compliance assess 
ment, is desired. Finally, a “loW ?oW” multi-breath recruit 
ment maneuver may be described as a multiple-breath 
recruitment delivered at loW ?oW Where both recruitment and 
compliance assessment are desired. 

[0008] Healthy alveoli are coated With a viscous ?uid that 
lubricates and protects the alveoli and promotes gas 
exchange. Normally, this ?uid alloWs the alveoli to expand 
and contract Without adhering to one another. Healthy alveoli 
do not fully contract during expiration; but rather, a base 
volume of air remains in the alveoli at the end of expiration to 
prevent the interior surfaces of the alveoli from adhering 
together. Disease or other adverse conditions, hoWever, may 
cause the viscous ?uid to become tacky, gluing alveoli to one 
another and/or gluing the interior surfaces of the alveoli 
together. When alveoli completely collapse, e.g., as the result 
of disease or a surgical procedure, it is very di?icult to pry 
them open again. Thus, it may be necessary to deliver signi? 
cant pressure, for a signi?cant length of time, to force col 
lapsed alveoli open again during a recruitment maneuver 
(RM). 
[0009] Studies have indicated, hoWever, that recruitment 
maneuvers may injure the delicate brachial and alveolar 
structures of the lungs When this heightened pressure is deliv 
ered or released too quickly. As Will be discussed further 
beloW, the air?oW into and out of the lungs is governed by a 
pressure gradient betWeen the lungs and the external atmo 
spheric pressure. The greater the pressure gradient, the 
greater the resultant ?oW into or out of a patient’s lungs. The 
present disclosure proposes a recruitment maneuver con 

ducted at loW ?oW; as for instance, ?oW maintained at less 
than 10 liters per minute. 
[0010] Embodiments described herein seek to provide 
methods for delivering loW ?oW recruitment maneuvers 
Wherein either or both of the inspiratory and expiratory 
phases of the recruitment maneuver are maintained by the 
ventilator at a loW ?oW. Embodiments described herein pro 
vide for a single-breath recruitment maneuver at loW ?oW and 
also for a multi-breath recruitment maneuver at loW ?oW. 

[0011] Embodiments described herein provide for graphi 
cal display of a pressure-volume loop (PV loop) for both 
single-breath recruitment maneuvers and multi-breath 
recruitment maneuvers. Additionally, embodiments provide 
for comparing a recruitment maneuver PV loop With previous 
PV loops calculated during the prescribed ventilation of a 
patient. 
[0012] Embodiments described herein also alloW for an 
automated ventilator functionality Whereby recruitment 
maneuvers may be pre-set by clinicians. Speci?cally, the 
clinician may input particular patient-speci?c parameters, 
e.g., positive-end expiratory pressure (PEEP), a peak inspira 
tory pressure (or, target recruitment maneuver pressure), a 
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duration of hold for the target recruitment maneuver pressure, 
FiO2, and a peak targeted How to be maintained during the 
recruitment maneuver. In response to the clinician-de?ned 
parameters, the ventilator may automatically deliver the 
recruitment maneuver at a prescribed inspiratory and expira 
tory loW ?oW, i.e., less than or equal to the peak targeted ?oW 
(e.g., 10 liters per minute (lpm)). 
[0013] Embodiments described herein also disclose a ven 
tilator system Wherein the user interface may be con?gured to 
call and display a “Recruitment Maneuver Input” screen from 
a general ventilation input screen. The Recruitment Maneu 
ver Input screen may provide various WindoWs and elements 
Whereby a clinician may input parameters for delivering one 
or more recruitment maneuvers. The Recruitment Maneuver 

Input screen may be further con?gured to alloW a clinician to 
save recruitment maneuver settings on a per patient basis. 
Prior to delivering each recruitment maneuver, the clinician 
may be prompted With an option to deliver the recruitment 
maneuver according to previous settings or an option to 
deliver the recruitment maneuver according to manually 
entered settings. The Recruitment Maneuver Input screen 
may also include an “Initiate Recruitment Maneuver” selec 
tion and a “Recruitment Maneuver Interrupt” selection. 
[0014] Embodiments described herein also disclose a ven 
tilator system Wherein the Recruitment Maneuver Input 
screen alloWs a clinician to indicate post-recruitment maneu 
ver settings for resuming prescribed ventilation. The clinician 
may select an option to resume ventilation according to pre 
recruitment maneuver settings or, optionally, to recon?gure 
the ventilator to deliver prescribed ventilation according to 
alternate post-recruitment maneuver settings. 
[0015] Embodiments described herein also enable a clini 
cian to differentiate the timing of a recruitment maneuver 
depending on Whether a patient is sedated or paralyZed or 
Whether a patient is able to breathe spontaneously. Wherein 
the patient is able to breathe spontaneously, the ventilator 
may be con?gured to synchroniZe the end of the recruitment 
maneuver before such spontaneously breathing patient ini 
tiates an inspiratory breath of the prescribed ventilation. 
[0016] These and various other features as Well as advan 
tages Which characterize the systems and methods described 
herein Will be apparent from a reading of the folloWing 
detailed description and a revieW of the associated draWings. 
Additional features are set forth in the description Which 
folloWs, and in part Will be apparent from the description, or 
may be learned by practice of the technology. The bene?ts 
and features of the technology Will be realiZed and attained by 
the structure particularly pointed out in the Written descrip 
tion and claims hereof as Well as the appended draWings. 
[0017] It is to be understood that both the foregoing general 
description and the folloWing detailed description are exem 
plary and explanatory and are intended to provide further 
explanation of the invention as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] The folloWing draWing ?gures, Which form a part of 
this application, are illustrative of described technology and 
are not meant to limit the scope of the invention as claimed in 
any manner, Which scope shall be based on the claims 
appended hereto. 
[0019] FIG. 1 is a diagram illustrating a representative ven 
tilator system utiliZing an endrotracheal tube for air delivery 
to a patient’s lungs. 
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[0020] FIG. 2 is a block-diagram illustrating an embodi 
ment of a ventilatory system for delivering a single-breath, 
loW ?oW recruitment maneuver as described herein. 
[0021] FIG. 3 is an illustration of an embodiment of a 
graphical user interface for receiving clinician input for a 
single-breath, loW ?oW recruitment maneuver as described 
herein. 
[0022] FIG. 4 is a ?oW-diagram illustrating an embodiment 
of a method for delivering a single-breath, loW ?oW recruit 
ment maneuver as described herein. 

[0023] FIG. 5 is a ?oW-diagram illustrating an embodiment 
of a method for delivering an inspiratory phase of a single 
breath, loW ?oW recruitment maneuver as described herein. 
[0024] FIG. 6 is a ?oW-diagram illustrating an embodiment 
of a method for delivering a single-breath, loW ?oW recruit 
ment maneuver incorporating a hold time as described herein. 
[0025] FIG. 7 is a ?oW-diagram illustrating an embodiment 
of a method for delivering an expiratory phase of a single 
breath, loW ?oW recruitment maneuver as described herein. 
[0026] FIG. 8 is a block-diagram illustrating an embodi 
ment of a ventilatory system for delivering a multi-breath, 
loW ?oW recruitment maneuver as described herein. 
[0027] FIG. 9 is an illustration of an embodiment of a 
graphical user interface for receiving clinician input for a 
multi-breath, loW ?oW recruitment maneuver as described 
herein. 
[0028] FIGS. 10a and 10h are ?oW-diagrams illustrating an 
embodiment of a method for delivering breaths in an ascend 
ing phase of a multi-breath, loW ?oW recruitment maneuver as 
described herein. 
[0029] FIGS. 11a and 11b are ?oW-diagrams illustrating an 
embodiment of a method for delivering breaths in a descend 
ing phase of a multi-breath, loW ?oW recruitment maneuver as 
described herein. 
[0030] FIG. 12 is a ?oW-diagram illustrating an embodi 
ment of a method for synchronizing the end of a recruitment 
maneuver With the initiation of post-recruitment maneuver 
prescribed ventilation. 
[0031] FIG. 13 is a ?oW-diagram illustrating an embodi 
ment of a method for generating a pressure-volume loop 
during a single-breath, loW ?oW recruitment maneuver as 
described herein. 
[0032] FIG. 14 is a ?oW-diagram illustrating an embodi 
ment of a method for generating a pressure-volume loop 
during a multi-breath, loW ?oW recruitment maneuver as 
described herein. 

DETAILED DESCRIPTION 

[0033] Although the techniques introduced above and dis 
cussed in detail beloW may be implemented for a variety of 
medical devices, the present disclosure Will discuss the 
implementation of these techniques for use in a mechanical 
ventilator system. The reader Will understand that the tech 
nology described in the context of a ventilator system could 
be adapted for use With other systems in Which gas volume, 
pressure, and How should be carefully regulated. 
[0034] This disclosure describes systems and methods for 
delivering one or more loW ?oW recruitment maneuvers to a 

patient While on a ventilator. As described above, recruitment 
maneuvers are delivered to a patient to expand collapsed 
alveoli in order to increase the functional surface area of a 
patient’s lungs. Recruitment maneuvers may be particularly 
useful for a patient Who suffers from collapsed alveoli due to 
pneumonia or Acute Respiratory Distress Syndrome 
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(ARDS), i.e., any disease or condition in Which portions of 
the lung are inactive due to collapsed alveoli. 
[0035] As mentioned previously, When the alveoli collapse 
the interior surfaces of the alveoli may adhere together. Thus, 
signi?cant pressure, for a signi?cant length of time, may be 
generally necessary to force collapsed alveoli open again 
during a recruitment maneuver. This “signi?cant pressure” 
may be described herein as the “target recruitment maneuver 
pressure.” The “signi?cant length of time” may be described 
herein as the recruitment maneuver “hold time.” 
[0036] FIG. 1 illustrates an embodiment of a ventilator 100 
connected to a human patient 150. Ventilator 100 includes a 
pneumatic system 102 (also referred to as a pressure gener 
ating system 102) for circulating breathing gases to and from 
patient 150 via the ventilation tubing system 130, Which 
couples the patient to the pneumatic system via an invasive 
patient interface 152. 
[0037] Ventilation may be achieved by invasive or non 
invasive means. Invasive ventilation, such as invasive patient 
interface 152, utiliZes a breathing tube, particularly an 
endrotracheal tube (ET tube) or a tracheotomy tube (trach 
tube), inserted into the patient’s trachea in order to deliver air 
to the lungs. Non-invasive ventilation may utiliZe a mask or 
other device placed over the patient’s nose and mouth. For the 
purposes of this disclosure, an invasive patient interface 152 
is shoWn and described, although the reader Will understand 
that the technology described herein is equally applicable to 
any invasive or non-invasive patient interface. 
[0038] Air?ow is provided via ventilation tubing circuit 
130 and invasive patient interface 152. Ventilation tubing 
circuit 130 may be a dual-limb (shoWn) or a single-limb 
circuit for carrying gas to and from the patient 150. In a 
dual-limb embodiment as shoWn, a “Wye ?tting” 170 may be 
provided to couple the patient interface 154 to an inspiratory 
limb 132 and an expiratory limb 134 of the ventilation tubing 
circuit 130. 
[0039] Pneumatic system 102 may be con?gured in a vari 
ety of Ways. In the present example, system 102 includes an 
expiratory module 108 coupled With the expiratory limb 134 
and an inspiratory module 104 coupled With the inspiratory 
limb 132. Compressor 106 or another source(s) of pressurized 
gases (e.g., air, oxygen, and/or helium) is coupled With 
inspiratory module 104 to provide a gas source for ventilatory 
support via inspiratory limb 132. 
[0040] The pneumatic system may include a variety of 
other components, including sources for pressurized air and/ 
or oxygen, mixing modules, valves, sensors, tubing, accumu 
lators, ?lters, etc. Controller 110 is operatively coupled With 
pneumatic system 102, signal measurement and acquisition 
systems, and an operator interface 120 may be provided to 
enable an operator to interact With the ventilator 100 (e.g., 
change ventilator settings, select operational modes, vieW 
monitored parameters, etc.). Controller 110 may include 
memory 112, one or more processors 116, storage 114, and/or 
other components of the type commonly found in command 
and control computing devices. 
[0041] The memory 112 is computer-readable storage 
media that stores softWare that is executed by the processor 
116 and Which controls the operation of the ventilator 100. In 
an embodiment, the memory 112 includes one or more solid 
state storage devices such as ?ash memory chips. In an alter 
native embodiment, the memory 112 may be mass storage 
connected to the processor 116 through a mass storage con 
troller (not shoWn) and a communications bus (not shoWn). 
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Although the description of computer-readable media con 
tained herein refers to a solid-state storage, it shouldbe appre 
ciated by those skilled in the art that computer-readable stor 
age media can be any available media that can be accessed by 
the processor 116. Computer-readable storage media 
includes volatile and non-volatile, removable and non-re 
movable media implemented in any method or technology for 
storage of information such as computer-readable instruc 
tions, data structures, program modules or other data. Com 
puter-readable storage media includes, but is not limited to, 
RAM, ROM, EPROM, EEPROM, ?ash memory or other 
solid state memory technology, CD-ROM, DVD, or other 
optical storage, magnetic cassettes, magnetic tape, magnetic 
disk storage or other magnetic storage devices, or any other 
medium Which can be used to store the desired information 
and Which can be accessed by the computer. 
[0042] As described in more detail beloW, controller 110 
issues commands to pneumatic system 102 in order to control 
the breathing assistance provided to the patient by the venti 
lator. The speci?c commands may be based on inputs 
received from patient 150, pneumatic system 102 and sen 
sors, operator interface 120 and/or other components of the 
ventilator. In the depicted example, operator interface 
includes a display 122 that is touch-sensitive, enabling the 
display to serve both as an input and output device. 
[0043] As Will be described further herein, the controller 
110 may be con?gured to deliver recruitment maneuvers on a 
set schedule according to automated settings based on 
patient-speci?c parameters or manual settings entered by a 
clinician and/ or pre-con?gured and saved by the clinician. 

Embodiments of Single-Breath Recruitment Maneuvers 

[0044] FIG. 2 is a block-diagram illustrating an embodi 
ment of a ventilatory system 200 for delivering a single 
breath, loW ?oW recruitment maneuver as described herein. 
[0045] The ventilator 202 includes a display module 204, 
memory 208, one or more processors 206, user interface 210, 
and various ventilation and recruitment maneuver modules 
212-226. Memory 208 is de?ned as described above for 
memory 112. Similarly, the one or more processors 206 are 
de?ned as described above for the one or more processors 
116. Processors 206 may further be con?gured With a clock 
Whereby elapsed time may be monitored by the system 200. 
[0046] The display module 204 displays various input 
screens to a clinician, including but not limited to a “Recruit 
ment Maneuver Input Screen,” as Will be described further 
herein, for receiving clinician input. The display module 204 
is con?gured to communicate With user interface 210. Spe 
ci?cally, display module 204 and user interface 210 may 
receive recruitment maneuver setting information from a cli 
nician, as described further herein. The user interface 210 
may provide various WindoWs and elements to the clinician 
for input and interface command options. Additionally, user 
interface 210 may provide useful information to the clinician 
through display module 204. This useful information may be 
in the form of various clinical data regarding the patient, 
displaying for instance, the patient’s FiO2 level, peak inspira 
tory pressure (PIP), and positive end expiratory pressure 
(PEEP), etc. Alternately, useful information may be derived 
by the ventilator 202, based on data gathered from the various 
ventilation and recruitment maneuver modules 212-226, and 
the useful information may be displayed in the form of 
graphs, Wave representations, or other suitable forms of dis 
play to the clinician. Examples of such graphic representa 




































